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Abstract
Fullerenes, allotropic forms of carbon, have very interesting pharmacological effects and
engineering applications. However, a very low solubility both in organic solvents and water
hinders their use. Fullerene C60, the most studied among fullerenes, can be dissolved in water
only in the form of nanoparticles of variable dimensions and limited stability. Here the effect on
the production of C60 nanoparticles by a native and denatured hen egg white lysozyme, a highly
basic protein, has been systematically studied. In order to obtain a denatured, yet soluble,
lysozyme derivative, the four disulﬁdes of the native protein were reduced and exposed cysteines
were alkylated by 3-bromopropylamine, thus introducing eight additional positive charges. The
C60 solubilizing properties of the modiﬁed denatured lysozyme proved to be superior to those of
the native protein, allowing the preparation of biocompatible highly homogeneous and stable
C60 nanoparticles using lower amounts of protein, as demonstrated by dynamic light scattering,
transmission electron microscopy and atomic force microscopy studies. This lysozyme
derivative could represent an effective tool for the solubilization of other carbon allotropes.
Supplementary material for this article is available online
Keywords: lysozyme, fullerene C60, C60 nanoparticles, protein coated nanoparticles, unfolded
protein
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Nomenclature
AFM atomic force microscopy
AMAC ammonium acetate
AP amino-propyl
CAM carboxamidomethyl
CD circular dichroism
DLS dynamic light scattering
drLYS denatured and reduced lysozyme
FWS fullerene-water system
nLYS native lysozyme
PDI polydispersion index
PE pyridyl-ethyl
TEM transmission electron microscopy
TFE triﬂuoroethanol
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Introduction
Fullerenes, an allotropic form of carbon, have attracted great
interest due to their peculiar structural and chemical features.
A molecule of fullerene C60, the most studied among full-
erenes, is composed of sixty sp2 carbon atoms arranged in
twelve pentagons and twenty hexagons forming a molecular
soccer ball [1]. The presence of the ﬁve membered rings and
the strongly curved surface confer to C60 properties greatly
distinct from those of other allotropes of carbon with sp2
hybridization like graphene. Electron distribution is not
homogeneous with the pentagons being electron deﬁcient and
the hexagon/hexagon edges being electron rich. In the crys-
talline solid, C60 molecules are highly ordered with each
pentagon facing a hexagon/hexagon edge of an adjacent
molecule [2]. Likely, this particularly favorable packing
contributes to the very low solubility of C60 (discussed
below).
C60 has several engineering [3] and medical applications
[4, 5]. Among engineering applications, the use of C60 as
electron acceptor in solar cells is particularly interesting [6].
Moreover, it has been demonstrated that host–guest com-
plexes of C60 with charged solubilizing agents are efﬁcient
photocurrent generators [7–10].
Pharmacological effects include antibacterial [11], anti-
oxidant [12], liver-protective and radioprotective activity
[13]. Interestingly, it has been demonstrated that pristine C60,
dissolved in olive oil, can prolong the lifespan of rats [14].
However, applications of pristine C60 are hindered
by its very low solubility [15]. It is relatively soluble only
in a few organic solvents, such as toluene, benzene and
N-methylpyrrolidone (2.8, 1.7 and 0.89mgml−1, respectively).
Its solubility in methanol, ethanol, tetrahydrofuran, acetonitrile
and acetone is very low [15]. Given this low solubility it is
surprising that relatively high concentrations of C60 in water can
be obtained by simply stirring C60 powder in water for several
weeks or a few months [11]. Interestingly, the result of such
procedure is not a homogeneous solution, but rather a colloidal
suspension described in literature with several different names
e.g. FWS (Fullerene-Water System) [16], nC60 (nano-C60) [17],
etc. The peculiar properties of these colloidal solutions have been
extensively investigated. In FWS the concentration of fullerene
can be higher than 1mgml−1 (∼2mM). The dimensions of C60
clusters can vary from a few nanometers to several hundred
nanometers (the average size and distribution is strongly inﬂu-
enced by the production method). FWS are colored from light
yellow to dark orange, depending on C60 concentration, whereas
C60 dissolved in organic solvents, like toluene, is pink. FWS are
stable for several months or even years, but quickly aggregate
after the addition of salts. On the contrary, organic solvents
neither induce aggregation nor extract C60 from the FWS. It has
been demonstrated that FWS contains hydrated fullerene mole-
cules with a clathrate-like structure describable with the formula
C60@{H2O}n [16]. The charge transfer from the oxygen of
water molecules to C60 is responsible both for the change in the
UV–Vis spectrum of FWS and of their acidity, in fact, hydrated
C60 releases protons:
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These simple species undergo aggregation, thus generating
negatively charged clusters of different diameters that can be
precipitated by the addition of salts. The presence of clathrate-
like structures also explains why organic solvents cannot extract
C60 from FWS.
Stirring C60 powder for weeks is a simple but time
consuming procedure, therefore, several authors have devel-
oped faster procedures to prepare FWS. For example, FWS
can be prepared by sonication of biphasic systems water/
C60-saturated toluene or by slowly diluting in water con-
centrated solutions of C60 in water-miscible solvents like
tetrahydrofuran [11]. These procedures suffer from several
drawbacks: scarce reproducibility and controllability, and the
necessity to accurately remove organic solvents and their
oxidation products that can be toxic thus affecting the results
of biological tests [18–20].
A wide variety of solubilizing agents have been evaluated
to improve the dissolution of C60 in water. One of the ﬁrst
agents employed for this purpose was polyvinylpyrrolidone
(PVP). A typical procedure involves the dissolution of C60 in
toluene and of PVP in chloroform, hence the two solutions are
mixed and the solvents evaporated [21]. The solid is ﬁnally
sonicated in water to obtain the C60 suspension. More recently,
Andreev and co-workers demonstrated that an aqueous solu-
tion of several L-amino acids (mainly uncharged amino acids)
can stabilize C60 nanoparticles obtained by dialyzing C60
dissolved in N-methylpyrrolidone [17]. Both procedures,
however, require the use of organic solvents. Cyclodextrins
(CDxs), mainly β ad γ, allow to solubilize C60 without using
organic solvents ([22] and references therein). However, the
stability of the resulting complexes is limited as they require
the presence of an excess of CDxs and its removal causes the
formation of large aggregates of C60. In order to overcome the
instability of the complexes, Kojima and co-workers prepared
poly(amidoamine) dendrimers bearing on the surface CDxs
and poly(ethylene glycol) [23]. By stirring the functionalized
dendrimers with C60 powder in water for two days they
obtained a solution containing 2.8 μM aqueous C60 (with a
C60:dendrimer ratio=1.4:1, mol:mol). Calixarenes, similarly
to CDxs, form stoichimetric complexes with C60 and can be
used as solubilizing agents [7, 8]. Also several complex
synthetic polymers allow the solubilization of C60 in water.
For example, Sawada and co-workers synthesized ﬂuoroalkyl
end-capped acryloylmorpholine oligomers which allowed the
preparation of a solution containing about 29 μM aqueous C60
in water by stirring C60 powder and the polymer for one day
[24]. Up until now, scarce attention has been devoted to the use
of proteins, like lysozymes and albumines, or of homo- and co-
polypeptides, like poly-lysine and random co-polymers of
lysine and aromatic amino acids, even if this kind of macro-
molecules has been successfully used to solubilize carbon
nanotubes [25, 26] and graphene [27–29]. To the best of our
knowledge the interaction of C60/protein has been previously
studied only to determine possible biological effects of C60
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rather than as a tool to improve its solubility [30]. For example,
Calvaresi and coworkers determined the structure of a stoi-
chiometric complex between C60 and a native hen egg lyso-
zyme [31].
Native hen egg lysozyme (nLYS) is a 125-residues
highly basic globular protein stabilized by four disulﬁdes. Its
structure is characterized by amphipathic α-helices at the
chain termini and β-strands in the middle of the protein (see
ﬁgure S1, in the supplementary data available online at stacks.
iop.org/NANO/28/335601/mmedia). Reduction of dis-
ulﬁdes of nLYS provides a reversibly unfolded protein with a
low amount of tertiary and secondary structure and residues
from the hydrophobic core exposed to the solvent [32–34].
However, denatured LYS has very limited solubility, espe-
cially at intermediate pH values, and is prone to form
aggregates involving folding intermediates [35]. Alkylation of
free cysteine residues provides an irreversibly denatured
protein [36] and can also increase the solubility of the dena-
tured form [37]. Denatured and alkylated lysozyme, from
several respects, shows intermediate features between those
of a native protein and of random co-polypeptides: like ran-
dom co-polypeptides it is essentially unfolded with the
hydrophobic residues exposed to the solvent, but unlike
random copolymers it has a deﬁned sequence and in some
conditions it is prone to recover a relevant amount of native-
like secondary structure [36], in particular the α-helices at the
N- and C-termini [38].
Here we show that hen egg lysozyme, both in the native
and denatured state, is a very efﬁcient C60 solubilizing agent
allowing the preparation of a high concentration of FWS in
the absence of any organic solvent, detergent or synthetic
polymer. In particular, we show that through a simple pro-
cedure it is possible to obtain a denatured, but highly soluble,
lysozyme derivative whose C60 solubilizing/stabilizing
properties are superior to those of the native protein allowing
preparation of more homogeneous C60 nanoparticles using
lower amounts of protein. This lysozyme derivative could
represent an effective tool for the solubilization of other
carbon allotropes.
Experimental section
Preparation of denatured and reduced hen egg white lysozyme
Gallus gallus lysozyme (powder, Sigma Aldrich) was
dissolved at the ﬁnal concentration of 14 mg ml−1 in 0.1 M
Tris-Acetate pH 8.4, 10 mM EDTA, 6 M Guanidine-HCl
(Gu-HCl) and 25 mM DTT. The solution was purged with
N2 and incubated at 37 °C for 3 h. The reaction was blocked
by acidifying to pH 4.5 with glacial acetic acid. The protein
solution was dialyzed against 0.1 M acetic acid at 4 °C
and centrifuged at 16 000 g for 30 min at 4 °C. Finally,
the soluble lysozyme was lyophilized and stored at −80 °C
until needed.
Cysteine residues modification
The alkylating agents used were: 3-bromopropylamine
hydrobromide, iodoacetamide and 4-vinylpyridine, all from
Sigma-Aldrich. The optimal molar ratio between cysteine and
BPA was found to be 1:110 in 0.2M Tris-HCl pH 9.5, 7 mM
EDTA, 6M Gu-HCl. The optimal conditions for reaction with
iodoacetamide were 0.2 M MES pH 6.2, 7 mM EDTA, 6M
Gu-HCl with a ratio cysteines:iodoacetamide=1:10. The
reaction was incubated over night at room temperature.
4-vinylpiridine was added to denatured lysozyme in 0.1 M
Tris HCl pH 8.5, 7 mM EDTA, 6M Gu-HCl, with a ratio
cysteine: 4-vinylpiridine=1:40 and incubated over night at
room temperature. All the solutions were purged with N2
before the incubation. After incubations, the reactions were
blocked by adding β-mercaptoethanol in a molar ratio of 2:1
with respect to the alkylating agents and by acidifying the
solutions to pH 4.5 with glacial acetic acid. Solutions were
then dialyzed against 50 mM acetic acid at 4 °C. Any inso-
luble material was removed by centrifugation at 16 000 g at
4 °C for 30 min and supernatants, containing alkylated lyso-
zyme solutions, were recovered by lyophilization and stored
at −80 °C until needed.
Solubility of alkylated lysozymes as function of pH
The different forms of alkylated lysozyme (AP-LYS, PE-LYS
and CAM-LYS) were dissolved in 0.1M Acetic Acid pH 3.0,
0.1 M Tris-acetate pH 5.0 and 0.1 M Tris-acetate pH 7.0 at
ﬁnal concentration of 1.5 mg ml−1. The samples were incu-
bated overnight at room temperature and centrifuged at
16 000 g for 1 h at 4 °C. The concentration of supernatants
was determined by UV–Vis spectroscopy. Absorption spectra
were acquired on a UV–Vis spectrophotometer Cary 100
Scan using a quartz cell (1 cm optics).
MALDI mass spectrometry
Matrix assisted laser desorption ionization time of ﬂight
(MALDI-TOF) spectra were acquired by using a 4800
MALDI-TOFTOF (Applied Biosystems, Framingham, MA,
USA). Aliquots of samples (1 μl) were directly mixed on the
plate sample holder with an equal volume of the Sinapinic
acid matrix dissolved in 70% ACN, 30% formic acid 0.1% at
a concentrations of 50 mg ml−1 to obtain a better signal-to-
noise ratio. The analyses were performed in the positive ion
mode, setting the instruments in the reﬂector mode, in the
mass range 5000–20 000 m/z. A laser pulse voltage power of
3500 V was applied to improve the detection of larger com-
pounds in the MS spectra. Each spectrum was obtained by
summing 5000 laser shots at 337 nm. Raw data were analyzed
using the Data Explorer Software (Applied Biosystems, Fra-
mingham, MA, USA), version 4.9, build 115 and reported as
average masses.
Polyacrylamide Gel Electrophoresis (PAGE)
AP-LYS was analyzed on a 12% polyacrylamide gel con-
taining 50 mM sodium acetate pH 4.5 and 2M urea. The
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loading buffer contained 50 mM sodium acetate pH 4.5, 2 M
urea and 10% glycerol. The running buffer contained 50 mM
sodium acetate pH 4.5 and 2M urea. The run was conducted
for 3 h at 150 V and room temperature.
CD spectroscopic analyses
Circular dichroism (CD) measurements were performed on a
Jasco J815 spectropolarimeter (Jasco, Essex, UK), equipped
with a temperature control system, using a 1 mm quartz cell in
the far-UV range 194–260 nm (50 nmmin−1 scan speed).
Each spectrum was the average of three scans with the
background of the buffer solution subtracted. Measurements
were performed at 25 °C at a protein concentration of
0.3 mg ml−1 in 10 mM sodium phosphate buffer pH 7.4. Raw
spectra were corrected for buffer contribution and converted
to mean residue ellipticity, θ (mdeg cm2 dmol−1). Estimation
of the secondary structure was carried out according to
the variable selection method (CDSSTR) using DICHRO-
WEB [39].
Preparation of C60 solution with AP-LYS and native LYS
C60 aqueous solutions were prepared in batches of 5 ml of
10mM ammonium acetate (AMAC) pH 5.0 by mixing C60
powder (Sigma-Aldrich) and 0.05–0.5 mgml−1 of AP-LYS/
nLYS, using a medium power tip sonicator (Sonoplus, Ban-
delin, Germany) in an ice bath. The suspension was centrifuged
at 16 000 g for 10min at 4 °C to remove undissolved C60
powder. The UV–Vis spectra of the supernatant were measured
using UV–Vis spectrophotometer Cary 100 Scan. The con-
centration of aqueous C60 was determined using the absorption
coefﬁcient value at 343 nm (68 000M−1 cm−1) [16].
DLS and Zeta potential measurements
The size of C60 nano-aggregates was quantiﬁed by dynamic
light scattering (DLS), using a Malvern Zetasizer system
(Zetasizer Nano ZS), which measures size distribution and
Zeta potential value.
Transmission electron microscopy (TEM) characterization
Transmission electron microscopy measurements were
recorded on a JEOL JEM 1011 microscope operating at an
accelerating voltage of 100 KV. A droplet of the C60 solution
was directly deposited on a microscope grid and analyzed.
Atomic force microscopy (AFM) characterization
A XE-100 AFM (Park Systems) was used for imaging of
nanoparticles. Surface imaging was obtained in non-contact
mode using silicon/aluminum coated cantilevers (PPP-
NCHR 10M; Park Systems; tip radius less than 10 nm)
125 μm long with a resonance frequency of 200 to 400 kHz
and nominal force constant of 42 Nm−1. The scan frequency
was typically 0.5 Hz per line. When necessary, the AFM
images were processed by ﬂattening, in order to remove the
background slope, and the contrast and brightness were
adjusted.
Muscovite mica of about 1 cm2 surface was used as
substrate in AFM measurements. Muscovite mica surfaces are
typically used as AFM substrate due to their perfect cleavage
along 〈001〉 crystalline plane, yielding large atomically ﬂat
areas. Mica was freshly cleaved using adhesive tape prior to
each deposition in order to get perfect cleanliness. Mica
ﬂatness is less than 0.5 nm of root-mean-square (r.m.s.)
roughness for a 1000×1000 nm2 surface area.
Two microliters aliquots of sample/imaging buffer were
directly deposited by casting onto freshly cleaved muscovite
mica. After 2 min, every sample was gently washed with
deionized water and then dried by evaporation at room
temperature under a ventilated fume hood.
Solubility of LYS/C60 nanoparticles
The LYS/C60 dispersions were dissolved in different buffers,
10 mM AMAC pH 5.0, 10 mM MOPS pH 7.4 and 10 mM
NaP pH 7.4, in the presence and the absence of 150 mM
NaCl, at the ﬁnal concentration of 10 μM. After the overnight
incubation at room temperature, the dispersions were cen-
trifuged at 4000 g for 10 min at 4 °C and the supernatants
were analyzed by UV–Vis measurements to quantify the
concentration of C60 in solution as described above.
Cell culture and cytotoxicity assay
HaCaT and HeLa cells (ATCC) were cultured in Dulbecco’s
Modiﬁed Eagle’s Medium (Sigma-Aldrich, St Louis, Mo,
USA), supplemented with 10% fetal bovine serum
(HyClone), 2 mM L-glutamine and antibiotics, all from
Sigma-Aldrich, in a 5% CO2 humidiﬁed atmosphere at
37 °C. To evaluate cell viability, the Alamar Blue assay was
used. This assay is based on the reduction potential of
metabolically active cells on the dye which will produce a
ﬂuorescent product. Cells (HaCaT,16 000/cm2, and
HeLa,6000/cm2) were seeded in transparent well plates and
exposed to LYS/C60 nanoparticles (ratio 1:10) at con-
centrations ranging from 0.5 to 3 μM for 24 and 48 h. At the
end of each incubation, AlamarBlue® reagent (Invitrogen)
was added in each well and incubated for 3 h at 37 °C. The
ﬂuorescence intensity was measured at an emission wave-
length of 585 nm and an excitation wavelength of 570 nm
using a plate reader (Synergy HTX Multi-Mode Reader-
BIOTEK). Cell survival was expressed as the percentage of
viable cells in the presence of the nanoparticles compared to
controls. Two groups of cells were used as control, i.e.
untreated cells and cells supplemented with identical
volumes of buffer. Each sample was tested in three inde-
pendent analyses, each carried out in triplicate. Quantitative
parameters were expressed as the mean value±SD.
Signiﬁcance was determined by student’s t-test at a sig-
niﬁcance level of 0.05.
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Results and discussion
Preparation and characterization of denatured alkylated-
lysozymes
We ﬁrst prepared alkylated derivatives of denatured lysozyme
and compared their solubility to that of denatured and reduced
lysozyme (drLYS). Three well known cysteine modifying
reagents were chosen—iodoacetamide, vinylpyridine [40] and
3-bromopropylamine [41]—which allow to add to the
cysteine side-chain three groups with different charge and
hydrophylicity (ﬁgure S2, in supplementary data): carbox-
amidomethyl group is hydrophilic and uncharged in a wide
range of pH values; pyridyl-ethyl group is positively charged
at acidic pH but uncharged and with low polarity at neutral or
alkaline pH (as comparison the pKa of 4-methylpyridine is
6.1 [42]); amino-propyl group is very hydrophilic and posi-
tively charged in a wide range of pH values.
nLYS was denatured, reduced and lyophilized to obtain
drLYS as described in the Materials and Methods section,
hence the exposed cysteines were alkylated with the appro-
priate reagents to obtain the carboxamidomethyl-derivative
(CAM-LYS), the pyridyl-ethyl-derivative (PE-LYS), and the
amino-propyl-derivative (AP-LYS). The content of free
cysteines was determined by the Ellman test and found to
always be lower than 7%. In order to determine the solubility
as a function of pH, drLYS and the three derivatives were
incubated at 1.5 mg ml−1 in acetic acid 0.1 M pH 3.0, Tris
acetate 0.1 M pH 5.0 and Tris acetate 0.1 M pH 7.0. After
removal of aggregate material by centrifugation, the con-
centration of the proteins in the supernatants was measured
spectrophotometrically. As shown in ﬁgure 1(A), at pH 3.0 all
the proteins showed a solubility higher than 1 mgml−1,
whereas, increasing the pH resulted in a signiﬁcant reduction
of the solubility of drLYS and PE-LYS. Only AP-LYS
showed a solubility higher that 1 mg ml−1 at all the pH values
analyzed. These results are likely related to the amount of the
net positive charge and to the hydrophylicity of the group
appended to cysteine side chains. At pH 3 glutamate residues
(pKa=∼4.1) and at lesser extent aspartate residues
(pKa=∼3.9) are not ionized so that all the proteins have a
high net positive charge (ﬁgure 1(B)) which likely prevents
aggregation. At pH values higher than 4, the ionization of the
acidic residues signiﬁcantly reduce the charge thus decreasing
the solubility. At all the pH values in the range 3–7 the net
charge of AP-LYS is eight units higher than those of drLYS
and CAM-LYS. Surprisingly, the solubility of PE-LYS is
lower than that of CAM-LYS and even of that of drLYS, a
result likely due to the hydrophobicity of the pyridyl-ethyl
moiety.
On the basis of these results we selected AP-LYS for
further characterization. The average mass of AP-LYS,
determined by MALDI mass spectrometry was found to be
14 774.36 Da (ﬁgure S3, in supplementary data), in good
agreement with the expected mass of a lysozyme molecule
with the eight cysteine residues bound to propylamino-groups
(14 771.02 Da).
In order to conﬁrm the unfolded nature of AP-LYS, we
used two complementary techniques, non-denaturing gel
electrophoresis and circular dichroism (CD).
In the absence of detergents, the migration of proteins in
polyacrylamide gels depends on the net charge and hydro-
dynamic size of the protein, therefore, for proteins of a similar
charge and number of amino acids, the migration is strongly
inﬂuenced by the conformation: a folded globular protein,
being compact, is expected to migrate faster than the unfolded
form. As expected (ﬁgure S4, in supplementary data),
migration of AP-LYS toward the cathode was signiﬁcantly
slower that that of nLYS, in spite of the fact that AP-LYS has
a higher positive charge, thus indicating that the hydro-
dynamic size of AP-LYS is higher than that of nLYS.
Figure 1. Solubility and predicted net charge of drLYS and its derivatives as function of pH. Filled squares, drLYS; empty diamonds, PE-
LYS; empty circles, CAM-LYS; empty triangles, AP-LYS.
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The dichroic spectrum of AP-LYS was recorded at
increasing concentrations (0 to 50% v/v) of triﬂuoroethanol
(TFE) as TFE is frequently used as co-solvent in CD analysis
to unmask the secondary structure propensity of peptides
[43, 44] and/or to mimic the effect of hydrophobic environ-
ments like cell membranes [45–48]. In the absence of TFE,
AP-LYS was essentially unfolded with only a limited amount
of β-structure (ﬁgure 2). Increasing the concentration of TFE
caused an increase of the α-helical content up to almost 50%,
a value close to that of nLYS (ﬁgure 2).
This behavior is very similar to that of other previously
investigated denatured lysozyme derivatives, namely
S-carboxymethylated and S-methylated lysozymes [36]. It is
worth noting that Yang and co-workers, analyzing the sec-
ondary structure of four long peptides covering the entire
sequence of LYS, demonstrated that the N-terminal (residues
1–40) and C-terminal (residues 84–129) regions of lysozyme,
which are helical in the native protein, are also responsible for
the helical content observed in denatured LYS [38]. There-
fore, it is also likely that the helical content observed in AP-
LYS is due to the folding of the chain termini in the presence
of TFE.
Solubilization of C60
In order to verify the effect of nLYS and AP-LYS on the
production of FWS, the proteins dissolved in 10 mM
ammonium acetate were mixed with C60 powder at protein/
C60 ratios of 1:10, 1:1 and 10:1 (w:w) and the suspensions
were sonicated for increasing times (up to three hours). At
appropriate time intervals, aliquots were centrifuged at
16 000 g for 10 min to remove unsolubilized material and the
supernatants were analyzed by UV-Vis spectroscopy. The
C60 powder sonicated in the absence of protein provided
clear solutions without any detectable aqueous fullerene,
whereas all the samples containing nLYS and AP-LYS
showed a bright yellow color typical of FWS. The UV-Vis
spectra of these samples showed three maximum at 219, 265
and 344 nm, as well as a weak broad peak between 400 and
500 nm (ﬁgure 3) in agreement with the previously reported
spectra of FWS [16]. The concentration of aqueous C60 was
determined by the absorbance at 343 nm [16].
The concentration of C60 increased with the sonication
time for both proteins and at all the protein/C60 ratios
(ﬁgure 4). It is interesting to note that in the case of nLYS the
highest concentration of soluble C60 was obtained at the
highest protein:C60 powder ratio (ﬁgure 4(A)), whereas, in
the case of AP-LYS the highest amount of C60 in solution
was obtained at the lowest ratio (ﬁgure 4(B)) and was com-
parable to that obtained using the highest amount of nLYS.
The yields of solubilized material are reported in table 1. The
supernatants were stored at 4 °C for at least one year without
changes in the UV-Vis spectrum.
To characterize the FWS we performed dynamic light
scattering (DLS) and Zeta potential measurements.
DLS measurements, as expected, showed the presence of
nanoparticles with diameters in the range 50–500 nm
(ﬁgures 5(A) and (B)). Again, nLYS and AP-LYS showed
opposite behaviors, as, in the case of the denatured protein the
smallest nanoparticles were obtained at the lowest AP-LYS/
C60 ratio, whereas nLYS provided small nanoparticles only
at the highest ratios. Except at the highest AP-LYS/C60 ratio
and the lowest nLYS/C60 ratio, the dimension of the nano-
particles was independent from the sonication time.
Furthermore, the polydispersion index (PDI), a measure
of the heterogeneity of the particles, showed that AP-LYS
Figure 2. Secondary structure content of AP-LYS as function of the
TFE concentration. Empty circles, α-helix; ﬁlled squares, β-strand;
empty triangles, random coil. Figure 3. UV–Vis spectra of AP-LYS (dotted line) and aqueous C60
obtained by sonication of C60 powder in the presence of AP-LYS
(dashed line) or nLYS (solid line). Concentrations of AP-LYS, C60
obtained in the presence of AP-LYS and C60 obtained in the
presence of nLYS were 0.05 mg ml−1, 7.12 μM and 7.62 μM,
respectively.
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provided homogeneously small nanoparticles at the smallest
protein: C60 powder ratio (ﬁgure 5(D)) whereas nLYS pro-
vided homogeneous nanoparticles only at high concentrations
(ﬁgure 5(C)).
All the samples showed Zeta potential values in the range
+10 to +35 mV, thus indicating moderate to good stability
(ﬁgures 5(E) and (F)). Zeta potential values were slightly
higher in the case of AP-LYS (ﬁgures 5(E) and (F)). It is
worth noting that aqueous C60 nanoparticles usually have a
negative Zeta potential (about −44 mV) [49], thus our results
clearly indicate that C60 nanoparticles produced in the pre-
sence of AP-LYS and nLYS are protein-coated.
The observed differences between nLYS and AP-LYS
are likely due to the fact that the denaturation process
increases the molecular surface of AP-LYS and exposes the
hydrophobic residues which are buried in the hydrophobic
core of nLYS. This in turn would give AP-LYS the ability to
cover a larger surface area and, possibly, a stronger interac-
tion with the surface of the nanoparticles. Moreover, the
increased net charge of AP-LYS due to the modiﬁcation of
the eight cysteine residues could contribute to increase the
Zeta potential and the stability of the particles.
Characterization of nanoparticles by TEM and AFM
TEM and AFM analyses were performed to deeply inspect the
morphology of the nanoparticles produced by solubilization
of C60 in presence of nLYS and AP-LYS. Both forms of
lysozyme were able to produce highly dispersed nanoparticles
that could be imaged by TEM and AFM, but with some
substantial differences. By looking at images reported in
ﬁgures 6 and 7, it was well evident that AP-LYS strongly
disaggregated C60 clusters in solution, in both volume pro-
portions (1:10) and (10:1). Hybrid C60/AP-LYS nano-
particles appeared highly dispersed on the TEM grid and on
AFM mica support, and quantitative measurements quantiﬁed
size in the range of few hundreds of nanometers
(100–200 nm) in width (see ﬁgures 6(A), (B)), and few tenths
of nanometers in (10–20 nm) in height, as it is shown in
ﬁgure 7(A). In the sample with a ratio AP-LYS/C60=10:1,
some small agglomerates of C60/AP-LYS nanoparticles
could be detected (see for example the small cluster in
topographic AFM image of ﬁgure 7(B)), which were not
present in the sample with a ratio AP-LYS/C60=1:10
(ﬁgures 6(A), (B) and 7(A)).
nLYS could also dissolve the insoluble C60 aggregates,
but less effectively: the result was the formation of well-
known carbon superstructures named in literature as nano-
horns [50] clearly imaged by TEM (ﬁgures 6(G) and (H)) and
AFM (ﬁgures 7(C) and (D)). In the sample with a ratio
nLYS/C60=10:1 the nanohorn motif, which gave rise to
large hybrid clusters (more then 1 micron width), as shown in
ﬁgure 6(G), could be also evidenced at high spatial resolution
by the AFM technique (ﬁgure 7(D)): from this visualization it
is clear that the single nanohorn (approximately 500 nm in
width and less then 1 nm height) was an ensemble of several
C60-protein clusters that had not been completely solubilized
by nLYS. Even the sample with a ratio nLYS/C60=1:10
was found to contain large agglomerates of nanoparticles, as
reported in ﬁgure 6(E), and the AFM analysis of this sample
Figure 4. Concentration of aqueous C60 as function of the sonication time in the presence of nLYS (A) or AP-LYS (B). Filled circles, C60
alone; empty circles, protein/C60=1:10; empty squares, protein/C60=1:1; ﬁlled triangles, protein/C60=10:1.
Table 1.Yields of solubilized C60 after sonication and centrifugation
at 16 000 g.
Yields (%)
Protein Protein:C60 1 h 2 h 3 h
AP-LYS 1:10 0.9±0.2 1.2±0.2 3.8±0.3
1:1 1.1±0.1 1.1±0.2 2.4±0.2
10:1 0.7±0.1 3.2±0.4 3±0.4
nLYS 1:10 0.4±0.1 0.8±0.1 1.6±0.1
1:1 0.7±0.1 1.2±0.2 1.8±0.2
10:1 1.0±0.1 2.2±0.2 5±0.5
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Figure 5. DLS and Zeta potential analysis of C60 nanoparticles prepared using nLYS (A), (C), (E) or AP-LYS (B), (D), (F). Empty circles,
protein/C60=1:10; empty squares, protein/C60=1:1; ﬁlled triangles, protein/C60=10:1. Error bars are shown only when larger than
the symbol.
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revealed that complex aggregates of C60-nLYS were con-
stituted by single compacted nanohorns, easily recognizable
in ﬁgure 7(C).
Solubility of the LYS/C60 nanoparticles
As it is well known that aqueous C60 quickly aggregates after
the addition of salts, we analyzed the behavior of the LYS/
C60 nanoparticles in the presence and absence of a physio-
logical concentration of NaCl (150 mM) in different buffers
(10 mM AMAC pH 5.0, 10 mM MOPS pH 7.4 and 10 mM
NaP pH 7.4). C60 nanoparticles were diluted at a con-
centration of 10 μM, after 16 h at room temperature, the
samples were centrifuged at 4000 g for 10 min and the con-
centration of C60 remaining in solution was determined
spectrophotometrically.
Buffer and pH value had scarce inﬂuence on the ﬁnal
C60 concentration, whereas NaCl caused a signiﬁcant
reduction in the samples containing AP-LYS at the ratio
protein/C60 of 1:10 and at a higher extent nLYS at the
protein/C60 of 1:10 and 10:1 (ﬁgure 8).
Only AP-LYS at the ratio protein/C60 of 10:1 preserved
the solubility of nanoparticles in the presence of NaCl
(ﬁgure 8(B)). In order to determine the effects of NaCl on
nanoparticles dimensions and stability, DLS and Zeta poten-
tial measurements were performed (table 2). The addition of
NaCl did not signiﬁcantly change the average dimensions of
the particles even if, at least at pH 7.4, a signiﬁcant increase
of the P.D.I. –i.e. the heterogeneity– of the samples was
observed. However, the most relevant effect was observed in
the case of the Zeta potential values which showed a decrease
to about 70% of the initial value when the pH was increased
from 5 to 7.4 and a further decrease to about 50% of the initial
value after the addition of NaCl. The effect of pH on Zeta
potential values is a likely consequence of the reduction in the
net charge of AP-LYS with increasing pH, as discussed above
and shown in ﬁgure 1(B). As for the effects of NaCl, it is
likely that, at high concentration of NaCl, Cl− ions can bind
to the cationic AP-LYS coating thus reducing its net charge.
These ﬁndings indicate also that in the case of the nano-
particles containing an excess of AP-LYS, the presence of
NaCl reduces the stability.
Biocompatibility of LYS/C60 nanoparticles
As described in the introduction, C60, and several of its
derivatives, have very intriguing pharmacological activities
[11–14]. However, a low toxicity is mandatory for any
pharmacological application, therefore, we decided to evalu-
ate the biocompatibility of the LYS-coated C60 nanoparticles.
The biocompatibility of the samples containing LYS/C60 at a
ratio of 1:10 was measured by a cell proliferation assay using
the Alamar Blue dye, as described in material and methods
section (ﬁgure 9). Human normal keratinocytes (HaCaT cells)
and human cancer epithelial cells (HeLa cells) were exposed
to increasing concentrations of either AP-LYS/C60 or
nLYS/C60 nanoparticles (0.5–3 μM) for 24 (ﬁgures 9(A),
(C)) and 48 h (ﬁgures 9(B), (D)). No alteration of cell via-
bility was observed in cells incubated with both nanoparticles,
Figure 6. TEM images of nanoparticles deposited on cellulose grid from a solution of C60 and AP-LYS (A)–(D) or nLYS (E)–(F). (A), (B)
AP-LYS/C60=1:10. (C), (D) AP-LYS/C60=10:1. (E), (F) nLYS/C60=1:10. (G), (H) nLYS/C60=10:1.
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Figure 7. AFM topographic images of samples deposited on mica from a solution of C60 and AP-LYS (A), (B) or nLYS (C), (D). (A) AP-
LYS/C60=1:10. (B) AP-LYS/C60=10:1. (C) nLYS/C60=1:10. (D) nLYS/C60=10:1. Panels A and B show on the right cross
sections taken at the red or green lines indicated in AFM images.
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with respect to untreated cells at any of the concentrations
tested, up to 48 h incubation (p>0.05).
Conclusions
Denaturation of globular proteins has a profound impact not
only on their biological properties but also on their chemico-
physical properties, in fact, unfolding exposes the hydro-
phobic residues of the protein core to the solvent and dras-
tically increases the accessible surface and the ﬂexibility of
the protein. On the other hand, denatured proteins retain a
signiﬁcant amount of secondary structures and/or sequences
prone to regain secondary structures. The increase in surface
hydrophobicity and the presence of amphipathic secondary
structure elements make unfolded proteins very prone to
aggregation thus impairing their use in material sciences.
Here we have shown that, by a careful choice of the alkylating
agent, hen egg white lysozyme can be converted to an irre-
versibly denatured yet very soluble protein. CD data
demonstrated that AP-LYS is essentially unfolded in water
but prone to regain a signiﬁcant content of helical structure,
whereas urea PAGE conﬁrmed that its hydrodynamic volume
is higher than that of the native protein. Even if both the
native lysozyme and AP-LYS are proven to effectively pro-
mote the sonication mediated solubilization of C60 in water,
AP-LYS is a more convenient solubilizer for several reasons.
DLS, TEM and AFM analysis showed that AP-LYS mediates
Figure 8. Response to buffer and ionic strength of the C60 nanoparticles prepared using AP-LYS (A), (B) or nLYS (C), (D). (A) AP-LYS/
C60=1:10. (B) AP-LYS/C60=10:1. (C) nLYS/C60=1:10. (D) nLYS/C60=10:1. White bars, concentration of C60 after incubation
in buffers without NaCl; black bars, concentration of C60 after incubation in buffers containing NaCl (150 mM). AMAC, 10 mM AMAC
pH 5.0; MOPS, 10 mM MOPS pH 7.4; NaP, 10 mM sodium phosphate pH 7.4.
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the formation of smaller and more homogeneous (mono-
disperse) nanoparticles than the native proteins. Even more
interestingly, AP-LYS works effectively at low concentra-
tions, indeed the best performance was obtained at a ratio
AP-LYS/C60=1:10. Moreover, the Zeta potential values of
the particles coated by AP-LYS were slightly higher than
those of the particles coated by native protein, thus suggesting
a higher stability in water. This was further conﬁrmed by the
higher resistance to the salt induced precipitation of the AP-
LYS coated particles.
The observed differences between the native and the
denatured protein are likely to be due to the increase in the
molecular surface and ﬂexibility caused by the denaturation
process. The increased surface would enable AP-LYS to
cover a larger area at the surface of the nanoparticle whereas
the increased ﬂexibility could allow AP-LYS to interact more
effectively with the surface of the nanoparticles. The
increased net charge in AP-LYS could contribute to increase
the Zeta potential and the stability of the particles. It is less
Table 2. DLS and Zeta potential measurements of LYS/C60
nanoparticles (protein/C60=10:1) in different buffers with and
without NaCl (150 mM).
Buffer DLS (nm) P.D.I.
Zeta poten-
tial (mV)
AMACa (pH 5.0) 88±3 0.23±0.01 34±2
AMACa+NaCl
(pH 5.0)
97±5 0.21±0.05 16.2±0.4
NaPb (pH 7.4) 87±1 0.21±0.02 21.1±0.5
NaPb+NaCl
(pH 7.4)
95±3 0.37±0.06 16.1±0.8
MOPSc (pH 7.4) 76±1 0.22±0.01 26±4
MOPSc+NaCl
(pH 7.4)
84±2 0.38±0.05 17±1
a
10 mM AMAC pH 5.0. This is the buffer used for the preparation and
storage of the nanoparticles.
b
10 mM NaP pH 7.4.
c
10 mM MOPS pH 7.4.
Figure 9. Time-course of the effects of LYS/C60 nanoparticles on human cells after 24 h (A), (C) and 48 h (B), (D) by the Alamar Blue
assay. HeLa cells (black bars) and HaCaT cells (white bars) were incubated with increasing concentrations (0.5–3 μM) of either AP-LYS/
C60 (A), (B) or nLYS/C60 (C), (D) nanoparticles. Error bars correspond to the SD values of three independent experiments carried out with
triplicate determinations.
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clear which molecular interactions mediate the binding of AP-
LYS to the surface of the particles. Previous studies on native
lysozyme suggested that it can interact with carbon surfaces
both through hydrophobic interactions, mediated by hydro-
phobic patches present on the lysozyme surface, and elec-
trostatic interactions between the basic residues on the protein
and the negative charges present on several carbon surfaces.
As the denaturation and chemical modiﬁcation increase both
the positive charge and the exposed hydrophobic surface, it
could be hypothesized that both interactions could contribute
to binding in the case of AP-LYS also.
Very intriguingly, the AP-LYS- coated C60 nanoparticles
shown to be non-toxic for two human cell lines, thus sug-
gesting that they could ﬁnd pharmacological applications e.g.
in photodynamic therapy. In general, our work demonstrates
that AP-LYS is a very promising solubilizing agent which may
ﬁnd a future application in the preparation of soluble deriva-
tives of other carbon materials like nanotubes and graphene.
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